The prospect that Ca+2 promotes senescence by activating al has been e d using cut pea (Pisan satiwm co Aska) foliasge a model system. Senescence was induced by severing 17-day-old plats from their roots and mainting them in aqueous test solu in the dark for an additiona 4 days. Treatment of the foliage with the Ca2+ ionophore (A23187) during the senescence-inductio period promoted a laterd phase separtion of the bulk lipids in mirosom membranes indicating that intention of Ca2+ failitates membrae deterioation. In addition, microsomal membres from ionophore-treated tissue displayed an in capacity to convert 1-aminocyclopropane-l-carboxylic acid to ethylene and an increased propensity to produce the superoxide anion (02-). Treatment (23) . These compounds are able to translocate Ca2+ from an aqueous phase across the intact bilayer into another aqueous compartment, are permselective with respect to the two major divalent cations of physiological fluids (Ca > Mg), and do not lyse the membrane. This observation is of particular significance in the context of senescing tissues because there is now evidence that free radical-mediated peroxidation of membrane lipids is a characteristic feature of senescence (3). Moreover, products of membrane lipid peroxidation, which would include oxidized di-and trienoic fatty acids, apparently accumulate in membrane matrices with advancing senescence and contribute to lateral phase separations in the lipid bilayers of senescing membranes (1).
The prospect that Ca+2 promotes senescence by activating al has been e d using cut pea (Pisan satiwm co Aska) foliasge a model system. Senescence was induced by severing 17-day-old plats from their roots and mainting them in aqueous test solu in the dark for an additiona 4 days. Treatment of the foliage with the Ca2+ ionophore (A23187) during the senescence-inductio period promoted a laterd phase separtion of the bulk lipids in mirosom membranes indicating that intention of Ca2+ failitates membrae deterioation. In addition, microsomal membres from ionophore-treated tissue displayed an in capacity to convert 1-aminocyclopropane-l-carboxylic acid to ethylene and an increased propensity to produce the superoxide anion (02-). Treatment of the tissue with fluph during the senescence-indwction period, which prevents binding of the Ca.Calmodulin complex to enzymes, delayed membrane deterioration as measured by these criteria. It also proved possible to simulate these ix situ effects of the Ca2+ ionophore on ethylene production and O2T formation by treating microsomal membranes isolated from young tissue with phospholipase A2 in the presence of Ca2+ and ulin, and these effects of phospholipase A2 and Ca.-calmodulin were inhibited by calmedulin antagonists. The observations coliectively suggest that intend (a2+ promotes senescence by activating calmodulin, which in turn mediates the action of phospholipase A2 on membranes.
As initially reported by Wong and Cheung (29) and subsequently substantiated by Walenga et al. (28) and Stocker and Richter (24) , phospholipase A2 (EC 3.1.1.4), which preferentially hydrolyzes the 2-acyl bond in phosphoglycerides to yield lyso compounds, is a calmodulin:calcium-promoted enzyme. Since phospholipids are a major component of the bilamellar membrane structure, the activation of phospholipase A2 could play an important role in the loss of membranal integrity and the onset of cell senescence.
According to current theory (1 1), calmodulin is an intracellular acceptor of Ca2? acting when the internal concentration of Ca2? increases in response to a stimulus. The Ca2" purportedly induces a distinct change in the shape of the calmodulin molecule, and as a result the Ca:calmodulin complex becomes capable ofbinding to calmodulin-sensitive enzymes and setting in motion the biochemical changes that produce a response to the stimulus.
Calmodulin is predominantly cytosol-localized (19) , and it is apparent that a key triggering factor for calmodulin activation is ' (23) . These compounds are able to translocate Ca2+ from an aqueous phase across the intact bilayer into another aqueous compartment, are permselective with respect to the two major divalent cations of physiological fluids (Ca > Mg), and do not lyse the membrane. This observation is of particular significance in the context of senescing tissues because there is now evidence that free radical-mediated peroxidation of membrane lipids is a characteristic feature of senescence (3) . Moreover, products of membrane lipid peroxidation, which would include oxidized di-and trienoic fatty acids, apparently accumulate in membrane matrices with advancing senescence and contribute to lateral phase separations in the lipid bilayers of senescing membranes (1) .
Exogenous Ca2' has been shown to delay senescence of apple tissue slices, in particular ethylene production and the onset of lipid peroxidation (9) . However, this effect has been attributed to the ability of Ca2" to rigidify the surfaces of lipid bilayers by acting as a divalent ligand (7) (10) .
Ethylene and Chl Determinations. Measurements of ethylene production from ACC by isolated membranes were carried out essentially as described previously (14) . Reaction mixtures containing membrane, buffer, and ACC as detailed in the table and figure legends were incubated in serological capped test tubes at 30C and, at specified time intervals, gas samples for ethylene analysis were extracted using tuberculin-needled 1-ml syringes. Ethylene was measured isothermally at 65°C on a Perkin-Elmer model 900 gas chromatograph equipped with an alumina column. The injection temperature was maintained at 120C. Levels of Chl a and b were determined as described previously (12) .
Electron Spin Resonance. Levels of 02' produced by isolated microsomes were determined by ESR measurements of Tiron semiquinone, a radical species that forms when Tiron reacts with 02' (13, 18) . For measurements of 02-production by microsomes alone, 200 Mug of microsomal membrane protein were suspended in 1 ml of 2 mM Epps buffer (pH 8.5) containing 10 mM Tiron. After a 1 5-min equilibration period at room temper-3 Abbreviation: EPPS, N-2-hydroxyethylpiperazine propane sulfonic acid; ACC, l-aminocyclopropane--carboxylic acid; ESR, electron spin resonance; 02T, superoxide anion; Tiron, 1,2-dihydroxybenzene-3,5-di-
ature, a sample was drawn up into a 100-!d glass capillary tube, which was then sealed at one end and inserted into the microwave cavity of a Varian E-12 ESR spectrometer. Previous studies (13, 18) have shown that when Tiron is first added to microsomal membranes, the amplitude of the ESR signal increases quickly as Tiron reacts with the 02-being produced by the microsomal membranes, reaching a steady state within 5 to 10 min, in which there is an equilibration between formation of the Tiron semiquinone and its breakdown. The signal then remains constant for at least 15 min (13, 18) , the equilibration period used in the present study. In some experiments, microsomes (1 mg protein) were incubated for 2 h at 30°C in 1 ml of 2 mM Epps buffer containing 50 MM CaCI2, 10 units ofphospholipase A2, 7 units of calmodulin and, when added, 50 Mm fluphenazine hydrochloride before measurements of 02 production were made. At the end ofthe 2-h period, 200 ,ug of microsomal membrane protein were then mixed with Tiron (10 mm final concentration) and ESR spectra recorded 15 min later.
Tiron solutions were freshly prepared before each assay and kept in darkened glassware. In addition, the prospect that Tiron might be reacting with components ofthe reaction mixture other than O2-produced by microsomes was routinely checked by running blanks consisting of Tiron and all components of the reaction mixture except membranes. When detectable, the amplitudes ofspectra obtained from the blank were subtracted from the amplitudes of corresponding test-sample spectra.
X-Ray Diffracon. Wide-angle X-ray diffiraction patterns were recorded from centrifuged microsomes as described previously (15) . Specimens containing 50 to 75% moisture with respect to final dry weight were placed in a temperature-controlled jacket on a wide-angle camera (Philips, type 1030), and diffraction patterns were recorded for 6 h at room temperature. Densitometer tracings ofthe patterns were made on a model DU Beckman spectrophotometer equipped with a Gilford gel scanner attachment to which strips of the x-ray film were attached and scanned at 500 nm.
RESULTS AND DISCUSSION Senescence of pea foliage was induced by severing 17-d-old plants from their roots and maintaining them in aqueous test solutions in the dark for an additional 4 d. This system has been used previously to study senescence, and during the induction period typical symptoms of leaf senescence including loss of Chl and protein and an increase in lipoxygenase activity develop (4). Changes with advancing senescence in the phase properties of microsomal membranes from pea leaves were monitored by wide-angle x-ray diffraction. Gel phase lipid gives rise to a sharp reflection centered at a Bragg spacing of 4.2 A in diffraction patterns, and it is clear that even by day 17, before senescence had been induced by severing the foliage, small proportions of gel phase lipid were present in the membranes (Fig. lA) . The appearance of gel phase lipid has previously been correlated with the onset of membrane senescence (15) , and its presence in the membrane fraction from 17-d-old foliage presumably reflects the fact that, even by this early stage, the lower leaves of the plant have begun to senesce. During the period of induced senescence, the proportion of gel phase lipid increased as indicated by the increased intensity of the 4.2 A reflection in the diffraction pattern recorded for membranes isolated from leaves after 4 d in darkness (Fig. 1B) .
Tratment of the foliage with 50 ;&M Ca2 ionophore (A23 187) during the induction period caused even more pronounced changes in the phase properties of the membranes as well as a 40% reduction in total Chl relative to levels for foliage aged in the absence of ionophore. The (Fig. IC) . This intensity change in the 4.2 A reflection is more clearly apparent in the densitometer tracings of the x-ray diffraction patterns (Fig. 2) . As well, an additional sharp x-ray reflection at a Bragg spacing of 3.75 A, which represents an alternative crystalline state of lipid in which there is an orthorhombic rather than hexagonal pattern of the hydrocarbon chains (15) , was also evident in the pattern for membrane from the treated foliage (Figs. lC and 2C) . The appearance ofboth the 3.75 and 4.2 A reflections representing two distinguishable packing modes of crystalline lipid has been previously correlated with an advanced state of membrane senescence (15, 17) , and thus it seems reasonable to interpret these diffraction data as indicating that treatment with the Ca2+ ionophore has accelerated membrane senescence. The concentration of ionophore used in these experiments (50 #M) is within the range that is known to cause physiological effects (22) .
Electron spin resonance studies have indicated that microsomal membranes from plant tissue produce 02- (18) , and further, that in senescing tissue the ability ofmicrosomes to form°2 -increases with advancing age of the tissue. For example,°2-production by microsomes from senescent carnation flowers has proved to be about 3 times higher than the level produced by microsomes from young freshly cut flowers (13) . Formation of this radical species by microsomes is heat-denaturable indicating that it is enzymically mediated, and is also inhibited by radical scavengers and superoxide dismutase (13, 18) . From the present study, it is clear that microsomal membranes from pea foliage also produce increased levels of 02-with advancing senescence (Fig. 3) . Levels of superoxide were quantified using Tiron, which reacts with O2-to form the Tiron semiquinone that is detectable by ESR as a four line first derivative spectrum. The amplitude of the spectrum is proportional to the amount of 02-being formed (13, 18) . Comparatively low levels of 02-were produced by microsomes from control 17-d-old foliage (Fig. 3A) . However, microsomes isolated from foliage in which senescence had been induced over a 4-d period showed an increased capability to produce 02-; indeed, the amplitude of the Tiron ESR signal produced by senescent microsomes was approximately 2.5-fold greater than that of the corresponding signal for control microsomes (Fig. 3, A and B) . Levels of 02-produced by microsomes from foliage that had been treated with Ca2' ionophore during senescence-induction were approximately three times control levels (Fig. 3, A and C) indicating that, by this criterion as well, application of the ionophore accelerates senescence.
Microsomal membranes from both vegetative and senescing plant tissues have also been shown to be capable of converting ACC to ethylene (14, 18) . This microsomal conversion must still be regarded as a model system, although it does have features in common with the conversion of ACC to ethylene in situ including a dependence upon 02 and sensitivity to free radical scavengers (18) . Moreover, there are indications that the 02' produced by microsomes is involved in the conversion of ACC to ethylene by these membranes; for example, scavenging 02-completely inhibits the formation of ethylene (6, 18) .
The effects of senescence on the ability of microsomes from pea foliage to convert ACC to ethylene are illustrated in Table I . Over a 20-h incubation period, reaction mixtures containing membranes from control' 17-d-old foliage produced 0.17 nl ethylene/h, whereas those containing membranes from foliage that had been subjected to induced senescence produced 0.5 nl of ethylene/h. Microsomes from foliage that was treated with Ca2' ionophore during the period of induced senescence produced 1.02 nl ethylene/h over the 20-h incubation period (Table I) ; this represents an increase of approximately 6-fold relative to the unaged control and approximately 2-fold relative to levels produced by foliage senesced without ionophore treatment. Of particular interest is the finding that treatment of the foliage with fluphenazine during the senescence induction period reduced the capability of microsomes to convert ACC to ethylene by about 26% relative to the conversion capability of microsomes from foliage aged without treatment (Table I ). Fluphenazine at concentrations within the range used in these experiments (50 gM) prevents binding ofthe Ca:calmodulin complex to enzymes, and hence this observation suggests that the ionophore treatment promotes senescence by allowing influx of Ca2' into cells, which in turn activates calmodulin.
There are reports that phospholipase A2 is a Ca:calmodulinpromoted enzyme (24, 28, 29) . Moreover, during senescence there is a pronounced loss of membrane phospholipid that has been attributed to fatty acid deesterification (2, 3, 16 Figure 4 . Microsomal membranes alone possess ethyleneproducing capability, but this was increased in the presence of phospholipase A2 and inceased still further when Ca:Calmodulin was present as well (Fig. 4) . Moreover, this stimulatory effect of phospholipase A2 and Ca:Calmodulin was largely inhibited by fluphenazine (Fig. 4) .
The effects of additional calmodulin inhibitors-R2457 1 (26) 10 units of phospholipase A2 and 7 units of calmodulin were incubated for 2 h. At the end of the incubation period, 0.2 ml of the reaction mixture was mixed with 0.8 ml of 10 mm Tiron and, when added, 28 units of superoxide dismutase in the same EPPS buffer for recording of ESR spectra. Instrument conditions were as specified in Figure 5 .
the endogenous activity and the stimulatory effect of phospholipase A2 and calmodulin are dependent upon calcium.
After 2 h ofincubation, a pronounced effect of Ca:Calmodulin and phospholipase A2 on ethylene production was apparent (Fig.  4) . Measurements (Fig. 5) . Moreover, addition of fluphenazine to the reaction mixture containing phospholipase A2 and Ca:calmodulin decreasedO2T production to a level that was only 70% of that produced by untreated control membranes (Fig. 5) . Thissuggsts that during the 2-h incubation of control membranes in buffer andCa2+ alone there may have been some action by endogenous phospholipase A2 and calmodulin that had coisolated with the microsomes.
When superoxide dismutase was included in the reaction mixture containing phospholipase A2 and Ca:calmodulin, 02-production was reduced by approximately 60% (Fig. 6 ). This degree of inhibition by superoxide dismutase is comparable to that reported previously for microsomes (13, 18 (Fig. 7, A and B (3, 20 (24) .
Loss of membrane fatty acids is an inherent feature of senescence (2, 3, 16) , and thus it is to be expected that phospholipases contribute to membrane deterioration. The products of phospholipase A2 activity are fatty acids and lysophosphatides. The liberated polyunsaturated fatty acids could serve as a substrate for lipoxygenase and also, by perturbing the bilayer structure, promote lipid peroxidation, which is known to be a characteristic feature of senescence and to initiate lateral phase separation of membrane lipid bilayers (3, 20) . It has also been proposed that oxidized di and trienoic fatty acids serve as endogenous Ca2+ ionophores (23) . These could further promote transport of external Ca2+ to the cell interior and, by activating more calmodulindependent phospholipase A2, create a ascade effect. Lysophosphatides, the other product of phospholipase A2 action, do not accumulate in senescent membranes (16) suggesting that other lipases are involved as well.
It has been reported that application of exogenousCa2+ delays senescence, apparently by preventing the large increase in ethylene production that occurs during the very early stages of senescence (9, 21 
